A persistent infection of the human MCF-7 cell line (MCF-7RV) was established with the DBS strain of rubella virus at a low multiplicity of infection. Fluorescent antibody staining revealed that 100 % of the cells were positive for rubella antigens. The infected cells were refractory to superinfection with vesicular stomatitis virus (VSV) but were susceptible to herpes simplex virus type 2 (HSV-2). No interferon could be detected in infected cell culture fluid, and continuous passage in the presence of antibody did not lead to a decrease in the percentage of infected cells. Virus production in the persistently infected cells represented a 5-to 10-fold increase over primary infection. Plaque assays at 30 and 39 °C of the virus produced at 37 °C revealed the presence of temperature-sensitive (ts) mutants. If MCF-7RV cells were maintained at 30 °C, significant increases in virus production were observed, leading to cytopathic effect and destruction of the monolayer. If maintained at 39 °C, MCF-7RV cells produced less virus and demonstrated normal morphology.
INTRODUCTION
Development of techniques for the isolation and identification of rubella virus led to the discovery that infection of the foetus by rubella virus during the first trimester of pregnancy may often result in a chronic or persistent infection and persistently infected cell lines have been established using tissue from infected human foetuses and newborn infants (Goffe, 1965; Rawls & Melnick, 1966) . In addition, persistent infections have been established in continuous laboratory cell lines: RK-13 (Svedmyr, 1965) , LLC-MK2 (Maassab & Veronelli, 1966) and BHK-21/WI-2 (Sato et al., 1977) . However, the mechanism by which rubella virus maintains these long-term host-virus interactions is unclear. Joklik (1977) proposed several mechanisms which could play a role in the maintenance of persistent virus infections. These included the presence of endogenous interferon, defective interfering (DI) particles, integrated genomes and temperature-sensitive (ts) mutants. These mechanisms have been examined in an attempt to explain persistent rubella infections. Evidence that interferon does not contribute to the maintenance of rubella persistence was provided by Mifune et al. (1970) . These authors reported that because a persistent infection could be established in Vero cells, which are unable to produce interferon, and because exogenous interferon had no effect on the persistent state, interferon was not essential for either establishment or maintenance of infection. Stanwick & Hallum (1974) also reported that interferon was not required for the initiation and maintenance of persistence by rubella virus. They based this conclusion on the fact that Vero cells could be persistently infected in the absence of interferon, and that actinomycin D or cortisone, which are known to inhibit interferon production, had no effect on the persistent state. Norval (1979) examined LLC-MK 2 cells chronically infected with rubella virus and observed a new virion RNA species which sedimented at 12S instead of the 40S typical of fully infectious virus. These results suggested that the mechanism maintaining persistence in these cells was the presence of DI particles. Sato et al. (1978) reported isolation from persistently infected baby hamster kidney (BHK-21/WI-2) cells of rubella variants which were hybrids between rubella and a latent virus present in these cells. The hybrids possessed DNA polymerase activity and the authors suggested that the formation of hybrids, and the associated DNA polymerase, may be essential for the establishment or maintenance of a persistent state. These investigators also isolated ts mutants from the progeny population and suggested that these mutants might play a role in maintaining the infection. Thus, the mechanism by which rubella virus maintains a persistent infection has not been firmly established. In addition, none of this work was done in human cells. This report describes a persistent infection of the human MCF-7 cell line (Soule et aL, 1973) and proposes a mechanism by which the persistent infection is maintained.
METHODS
Cells and virus. MCF-7 cells, derived from human breast cells and obtained from Dr M. A. Rich (Michigan Cancer Foundation), were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % newborn calf serum, 0.001 gg/ml insulin (Sigma) and 1% amino acid concentrate for basal medium (Flow Laboratories). The same medium containing 2% serum was used for maintenance. Cells were passed 1:2 at approx. 1-week intervals by the use of 0-15 % trypsin (Gibco, 1 : 250). MCF-7 cells persistently infected with rubella virus (MCF-7RV) were maintained in the same manner as the MCF-7 cell line. RK-13 and HeLa cells were grown in M 199 (Microbiological Associates, Bethesda, Md., U.S.A.) supplemented with 10% foetal calf serum and maintained in the same medium containing 2% serum. At approx. 4-day intervals, cells were passed 1:4 by using 0.3 % trypsin. Vero cells (Flow Laboratories) were grown in Eagle's minimal essential medium (MEM) supplemented with 10% foetal calf serum and maintained in medium containing 2% serum and passed in the same manner as RK-13 and HeLa cells. Rubella virus was obtained from Dr P. D. Parkman, NIH, and designated DBS (Division of Biological Standards). This stock had been passed in RK-13 cells. Virus stocks of rubella, vesicular stomatitis virus (VSV) and herpes simplex virus type 2 (HSV-2) were prepared by infection of RK-13, HeLa and Vero cells respectively. Virus titres were determined by plaque assay in the same cell lines. Overlay medium for Vero and HeLa cells was the appropriate 2% serum maintenance medium containing 0.5% agarose. Plaque formation by rubella virus required the use of an overlay consisting of McCoy 5A medium containing 2% foetal bovine serum and 0.5% agarose. At the appropriate time, the agarose overlay was removed, the cells stained with neutral red [0.03 % in phosphate-buffered saline (PBS)], and the plaques counted.
Fluorescent antibody staining. The presence of rubella virus antigens in MCF-7RV cells was determined by indirect fluorescent antibody staining. Confluent monolayers of MCF-7 and MCF-7RV cells were prepared in four-well tissue culture chamber slides (Lab-Tek), fixed in acetone at -20 °C and stained with normal rabbit serum or rabbit anti-rubella antiserum (Flow Laboratories) at a dilution of 1 : 40 and fluorescein-conjugated goat anti-rabbit globulin (Gibco) at a dilution of 1 : 100.
Interferon assay. Cell culture fluids were dialysed for 48 h against glycine buffer (pH 2), then for 24 h against PBS (pH 7.2). Samples were sterilized by filtration and assayed by the reduction of VSV plaques in HeLa cells. Twofold dilutions of interferon were added to HeLa cell monolayers in 60 mm plastic tissue culture dishes (Falcon) and incubated for 12 to 18 h. The samples were then aspirated and cells were infected with VSV (50 p.f.u./plate). After 1 h adsorption, monolayers were overlaid with HeLa cell maintenance medium containing 0.5 % agarose. Plaques were stained and counted 2 days after infection. Human leukocyte (a) interferon was obtained from the NIH and was used as a positive control.
Selection of virus clones.
Individual clones of the virus produced by the persistently infected cells were isolated by picking rubella virus plaques after 10 days incubation at 30 °C. Plugs of agarose were removed from the area above each plaque with sterile Pasteur pipettes and left at 4 °C overnight in 1 ml RK-13 cell growth medium to facilitate virus diffusion out of the agar.
Heat inactivation assay. Wild-type and mutant rubella virus stocks were diluted to approx. 2 x 105 p.f.u./ml in rubella virus plaque assay medium without agarose and O. 5 ml samples were incubated in a 60 °C waterbath for O, 1, 3 or 5 min and placed immediately into an ice bath.
Statistical analysis. Student's t-test and analysis of variance were used, as appropriate, to analyse the data.
RESULTS

Characteristics of persistently infected MCF-7 cells
The persistently infected MCF-7RV cell line was established solely by infecting MCF-7 cells with rubella virus at a multiplicity of infection (m.o.i.) of 0.01 and cells were maintained for 100 passages by serial passage at approx. I-week intervals. Samples of culture medium were obtained immediately after the initial infection and before each passage and assayed on RK-13 cell monolayers (since rubella virus does not form plaques in the parental MCF-7 cell line). The results of plaque assays on the first 100 samples are presented in Fig. 1 . Virus production ranged from 1.5 × 103 p.f.u./ml at passages 10 and 22 to 6.2 × 105 p.f.u./ml at passage 96. A periodic cycling of virus titres was apparent most notably between passages 16 and 35, as well as after passage 52. A general trend towards higher titres was observed throughout the passage history.
The Persistently infected cells were divided into two groups. One group was treated with anti-rubella-neutralizing serum (1:40), the other served as a control. Medium was changed on both cultures every other day for five passages. After these passages, antibody treatment ceased and virus production in the two cultures after 24 h was found to be virtually identical.
MCF-7RV cells were superinfected with either HSV-2 or VSV (Fig. 2) . HSV-2 replicated well in both MCF-7 and MCF-7RV cells, reaching peak titres between 72 and 96 h post-infection (Fig. 2a) . While VSV replicated well in MCF-7 cells, reaching peak titres at 48 h post-infection, MCF-7RV cells were refractory to infection, with titres generally at or below the original level of infection (Fig. 2 b) . The presence of interferon is one possible explanation for the inability of VSV to superinfect MCF-7RV cells, but none (<7.5 reference units) was found in medium for rapidly dividing or monolayer cultures of MCF-7RV cells.
Efficiency of plating (e.o.p.) of selected MCF-7R V samples
The effect of incubation temperature on plaque formation by MCF-7RV progeny virus was determined. Passage samples 94 to 98 were plaque assayed at 30 and 39 °C ( Table 1) . The non-permissive temperature of 39 °C was decided by determining the highest temperature at which the parental rubella strain would reproducibly plaque in RK-13 cells. To maintain RK-13 cells at these temperatures, the 37 °C plaque assay technique was modified. Serum concentration in the overlay medium was increased to 3% and plates were fed with an additional 2 ml of overlay medium on the 3rd and 7th days post-infection and plaques counted on day 10. The e.o.p, of each sample was approximately one-half or less than that of the stock virus.
Persistent rubella infection
Effect of incubation temperature on virus production by MCF-7R V cells
The possibility that the presence of ts mutants might account for the decrease in e.o.p, of the progeny virus population was investigated by maiv~ining MCF-7RV cells at 30 and 39 °C for three passages. Total virus production at ca, -,,,~s determined by plaque assay of samples obtained immediately before each passag~ ,,..
' ~+ion/ viable cell determined (Table 2) . Virus production at 30 °C showed a marked increao~ compared to cells incubated at 37 °C and was accompanied by a reduction in viable cells due to cytopathic effect. Conversely, 39 °C incubation resulted in a cell morphology identical to uninfected cells and a decrease in virus production.
Selection and characterization of MCF-7R V virus clones
Forty-six clones were selected from the virus produced by MCF-7RV cells during passage 100. Growth curves for three representative clones and wild-type rubella virus are presented in Fig. 3 . Clone 26 grew at 30 and 39 °C in a manner similar to the wild-type. However, clones 2 and 31 grew at a slower rate and to a lower peak titre at 39 °C. Because the interpretation of growth curve data is difficult, especially in cases of incomplete inhibition of growth at 39 °C, the e.o.p., plaque size and heat stability for these clones were determined. Clones 2 and 31 had a low e.o.p., whereas clone 26, which had growth curves similar to those of wild-type, had a high e.o.p. Plaques produced by the three rubella virus clones at 30 °C were significantly smaller than wild-type (P < 0.05). Heat stability at 60 °C was determined for clones 2, 26, 31 and wild-type rubella virus (Table 3 and Fig. 4) . Clone 26 was found to be the most heat labile at 60 °C. Virus from this clone showed an approx. 2.5 lOgl0 decrease in titre, whereas virus from wild-type and clones 2 and 31 only decreased approx. 1 log~o. The results of these experiments are summarized in Table  3 . DISCUSSION This study of a persistent infection by rubella virus was undertaken to define a model system in which the long-term interaction of rubella virus and a human cell line could be studied and to investigate the mechanism by which the persistent infection was maintained. Certain characteristics common to most persistent infections were examined. The accumulated information allows comparisons to be made between this system and other previously reported persistent rubella infections.
Long-term host-virus relationships may frequently result in evolution of the infecting agent to a form more stable than the original virus. The progeny produced by these 'stabilized' infections may, in fact, be genetically different from the original virus due to selection of mutants which are more compatible with the host cell (Preble & Youngner, 1973) . The virus produced by persistently infected MCF-7 cells (MCF-7RV) were examined to determine if selection of mutant forms had occurred.
Previously described persistent infections by rubella virus had certain characteristics (Maassab & Veronelli, 1966; Mifune et al., 1970) and the MCF-7RV cells were typical in all respects: virtually all cells in the population were infected, resulting in a non-cytocidal interaction which allowed cells to survive and produce rubella virus for long periods of time; addition of anti-rubella antiserum or interferon was not required to maintain the culture, and no endogenous interferon was detected in the cell culture fluid; infected cells were resistant to superinfection by some viruses but not by others. The mechanism of resistance to superinfection by VSV is unclear, but may relate to a competition for replication sites and limitation of necessary intermediates. Moreoever, HSV-2, a DNA virus, replicates at a different site to rubella and may not have to compete for the same intermediates. The persistent infection appeared to be perpetuated at mitosis by intraceUular transfer.
In an attempt to define the mechanism by which the persistent state is maintained, the MCF-7RV virus progeny were examined to determine if the selection of ts mutant virus had occurred. The ts mutants have been shown to rapidly appear during persistent infections by Newcastle disease virus (Preble & Youngner, 1973) and VSV (Youngner, 1977) . In addition, Sato et al. (1977) reported the isolation of ts mutants of rubella virus from persistently infected BHK-21/WI-2 cells.
The e.o.p.s of MCF-7RV virus progeny, from passages 94 to 98, were lower than that of the stock virus used to initiate the persistent infection (Table 1 ). The reduction in titre at 39 °C could be due either to the presence of a mixed population of ts mutants and wild-type virus or to all of the MCF-7RV progeny virus being ts mutants with varying degrees of temperature-sensitivity. The results in Table 2 support the contention that the virus population contained ts mutants. Growth curves were prepared for clones 2, 26, 31 and wild-type rubella virus and suggest that there were two growth patterns which may have resulted from viruses with different genetic defects. A comparison of plaque size at 30 °C revealed that plaques formed by all three clones were significantly smaller than those formed by wild-type at the same temperature. Youngner (1977) reported the production of similar small plaque variants of VSV during a persistent infection of mouse L cells. It is not clear from our data whether decreased plaque size is caused by the same or a different genetic defect than that which results in temperature-sensitivity. If a small plaque, non-ts revertant could be isolated from any of these clones, it would indicate that the two lesions were at different sites. Small plaque revertants of this type have been isolated from BHK-21 cells which were persistently infected with ts mutants of Sindbis virus (Atkins, 1979) . Inability to isolate such a revertant would not necessarily indicate that it did not exist, but rather might be due to a very low reversion rate.
Clone 26 was found to be more rapidly inactivated at 60 °C than the other two clones or wild-type. Sindbis virus ts mutants isolated from persistently infected Aedes albopictus cells demonstrated heat inactivation rates similar to clone 26 (Shenk et al., 1974) . These authors attributed this heat labifity to defective virus structural proteins. If clone 26 had a temperature-sensitive structural defect, the rate of replication for this clone could have been similar to wild-type. Some of the virus produced may have simply disintegrated at 39 °C which would explain why plaques were formed with almost equal efficiency at 30 and 39 °C, yet were significantly smaller.
The efficiency of plating of clones 2 and 31 was low, but stability of infectivity at 60 °C was similar to wild-type virus. These clones may represent mutants which were unable to efficiently synthesize virus RNA at 39 °C. This could have been due to a defective RNA polymerase which was less efficient at the non-permissive temperature. If this was the case, a limited number of virus progeny could have been produced even at 39 ° C.
This study indicates that the virus population produced by MCF-7RV cells contained ts and plaque-size mutants. It is proposed that the presence of the ts mutants could be a mechanism by which this persistent infection is maintained over a long period of time. Further investigations to characterize the exact nature of the genetic defect or defects in these mutants may lead to a more thorough understanding of the types of mutations which are selected during long-term virus-host interaction.
